Introduction: Prostate motion during radiation therapy may cause large dose discrepancy between planned and delivered dose especially for large doses deliveries as in hypo fractionated prostate treatment. Here we create a new method and schema for real-time prostate motion detection using simultaneous kV imaging during VMAT treatment, thus allowing the possibility to adjust the treatment if the prostate's motion is out of a tolerance range. Methods: The gold visicoils clearly have higher intensity values compared to surrounding structures both in planning CT and CB projection images. It is possible to extract their geometric representations from both image modalities and optimize the real-time visicoils' positions through points' alignment instead of using time consuming intensity based image registration. 1) 3D Representation of Visicoils: Before radiotherapy, each patient had three gold visicoils implanted into the prostate gland under ultrasound guidance. The 3D representation of the visicoils was extracted from the planning CT image, which served as the reference during the tracking process. By manually picking the starting and ending points for each visicoil, a subvoxel visicoil representation ( Fig. 1(a) ) could be reached through the method in [1]. 2) 2D Image Processing: The simultaneous kV projection images were cropped to include only visicoils with an added margin of 10 pixels ( Fig.1 (b) ). Before visicoils segmentation, two techniques were applied sequentially to get filtered image FI (Fig.1(c) ): gradient and smoothing. Since we aimed at real-time tracking, fast segmentation method such as threshold segmentation was applied to FI to get image SI ( Fig. 1(d) ). However, irrelevant structures were visible no matter how we changed the threshold. Therefore, we further performed morphological dilation (  ) and erosion (ϴ) operations to remove small structures using MI= SI  SE1ϴSE2.
Lastly, the visicoils were segmented from the binary image MI (Fig. 1(e) ).
3) 3D Prostate Trajectory Reconstruction:
Assuming that the prostate does not move much between successive frames, a moving window strategy was used to optimize the location of the prostate during treatment. To estimate the prostate displacement ( , , ) X Y Z at an arbitrary time
we took a sequence of projections around the relevant angle { , , ,
}. The points in the visicoils' 3D representation were related to the points on the projection image ( 
Here,  and  are the parameters defined to control the smoothness of the motion field in lateral (LAT) and anterior-posterior (AP) directions. 0 X and 0 Y are the motion priors in LAT and AP directions. 2n+1 is the number of projections used for optimization. 
4) Imaging Schema:
In the clinical operation, a pre-treatment CBCT was acquired first at each fraction and registered to the planning CT based on the position of the coils, after which a couch correction was performed based on the registration. During VMAT delivery, the kV imaging was always kept on, and the prostate instantaneous motion was determined in real-time. Following the delivery, the projection images were reconstructed to a CBCT, which was also registered to the planning CT. The visicoils' position estimated from the registration was compared to the final average position of visicoils determined from the kV projections for verification purpose.
Experiments and Results:
The proposed detection method was verified using a computer simulated phantom. We generated four typical 3D prostate motions similar to the motions reported in [3] , which included continuous drift, transient excursion, stable target and persistent excursion.
To simulate acquisition during a VMAT delivery, we shifted a prostate patient planning CT based on the designated prostate motions and generated 2D projection images through projecting the CT on the image plane. Fig. 2 shows our trajectory reconstruction result of the transient motion. The maximal localization error was 0.5mm for AP direction and 0.2mm for both LAT and SI directions from all phantom experiments. Fig. 3 shows the mean position and standard deviation of the motion estimated from all 20 fractions of a prostate cancer patient. This patient was quite steady during each treatment delivery based on our tracking results. The visicoils' mean position determined from the realtime projection image was (-0.2±0.4, 0.5±0.7, -0.1±0.5) mm with standard deviation of (0.4±0.1, 0.5±0.1, 0.3±0.1) mm. Out of the 20 fractions, only 2 had a displacement of > 3.0 mm, partly because the VMAT delivery only took 2 minutes. The overall prostate displacement was (-0.2±0.6, 0.0±0.8, -0.2±0.6) mm with p<0.001 based on the 20 trajectories reconstructed, which provided valuable information for adaptive margin reduction. The average computation time for the image processing and trajectory reconstruction was <0.1s per frame, which highlights that our method could achieve real-time efficiency even using computers without graphics processing units (GPUs) support. 1088-1098 (2007) .
